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Generation and detection of terahertz ͑THz͒ radiation using a photoconductive ͑PC͒ antenna triggered by ultrashort optical pulses has been studied extensively for the last decade. Such a THz system using PC antennas enables us to measure time-domain amplitude wave forms of the THz radiation and provides a powerful method to investigate optical properties or dielectric responses of materials in the THz frequency range. Low-temperature-grown GaAs ͑LT-GaAs͒ has been the most widely used material for the PC emitter and detector because of its unique properties, such as the ultrashort carrier lifetime ͑Ͻ1 ps͒, large resistivity (ϳ10 7 ⍀ cm), and relatively good carrier mobility ͑ϳ200 cm 2 /V/s͒. For optical communication using the lossless 1.55 m wavelength window, good progress has been made in pushing the limit of fast optoelectronic devices toward the terahertz regime. Unfortunately, GaAs as a commonly used material is usually not sensitive at 1.55 m wavelength because the optical band gap is 1.43 eV at room temperature, corresponding to a wavelength of 867 nm. On the other hand, narrow-gap semiconductors, such as InGaAs 1 and Ge 2 have been used as the ultrafast PC material, aiming for the communication wavelength operation. However, the efforts on these narrow-gap materials have not been as successful as in the case of LT-GaAs, due mainly to the low dark resistivity, which is inevitable for narrow band gap semiconductors. High resistivity is important not only for performance of the PC emitter ͑the efficiency of a PC emitter increases with the bias electric field and is limited by the breakdown field of the PC antenna͒, but also for the PC detector because the noise due to thermal carriers ͑Johnson noise͒ in the signal current of a PC antenna is inversely proportional to the dark resistivity. 3 The high resistivity of LT-GaAs originates from the extremely high density of defects due to excess As incorporated during the low-temperature-growth, and/or the high density of As precipitates, which is formed after annealing.
Recently, generation and detection of an electrical pulse on a LT-GaAs photoconductive transmission line with 1.55 m laser pulses was reported by Erlig et al. 4 They used the double sliding contact structure for the device and measured subpicosecond electrical pulses. Their result showed that LTGaAs has a photoconductivity even at 1.55 m, for which they attributed the origin to two-photon absorption.
In this letter, we report the results of a LT-GaAs-based photoconductive dipole antenna probed for THz wave detection with 1.55 m optical pulses. It is found that the photoconductivity or the detection efficiency is nearly 10% of that obtained with 780 nm light. From the nonquadratic excitation intensity dependence of the photoconductivity at 1.55 m, we suggest that the two-step photon absorption mediated by midgap states, formed by the excess As ͑1%-2%͒ in LT-GaAs, contribute to the photoconductivity at relatively low excitation power ͑Ͻ5 mW͒ rather than the two-photon absorption. It is also suggested that the direct excitation of electrons from the midgap states and As precipitates has nontrivial contribution to the photoconductivity in LT-GaAs.
We use a mode-locked fiber laser ͑IMRA Femtolite͒, with output at both the 1.55 m fundamental and 780 nm second harmonic generated by periodically poled lithium niobate as the optical light source. The pulse width and repetition rate are ϳ150 fs and 48 MHz, respectively. The emitter antenna consists of two parallel 10-m-wide metal strip lines separated by 100 m on an LT-GaAs substrate. This structure was biased with 160 V ͑dc͒ and pumped by the 780 nm beam separated from the 1.55 m fundamental beam. The pump beam was modulated by a mechanical chopper at 1.7 kHz and focused on the emitter antenna by a lens. The detector antenna was a 50-m-long Grischowsky-type dipole antenna with a 5 m gap fabricated on a LT-GaAs/semiinsulating-GaAs substrate. The thickness of the LT-GaAs layer was 2 m. The probe beam was focused by using an objective lens with 20ϫ magnification. Figure 1͑a͒ shows the THz radiation wave form obtained with 780 nm pump ͑20 mW͒ and 780 nm probe ͑6 mW͒ as the reference data. The peak signal in the detector is 1.8 nA, and the signal-to-noise ratio ͑SNR͒ estimated from the ratio of the peak signal to the noise floor is about 2000. Figure  1͑b͒ shows the THz wave form obtained with 780 nm pump ͑12 mW͒ and 1.55 m probe ͑5 mW͒. In this case the residual second harmonic generation beam and other higher harmonics are rejected by inserting a 1.5-mm-thick silicon plate into the path of the probe beam. The peak signal amplitude is 80 pA with a SNR of 160. By assuming that the a͒ Author to whom correspondence should be addressed; electronic mail: tani@crl.go.jp APPLIED PHYSICS LETTERS VOLUME 77, NUMBER 9
signal is proportional to the intensity of the pump and probe beams, we estimate the detector sensitivity with the 1.55 m probe to be 9% of that obtained with the 780 nm probe. The estimated reduction in SNR for the same pump and probe power is about 1/6 ͑17%͒ of that with a 780 nm probe. The weaker reduction in SNR than in signal amplitude can be explained by the noise characteristics of the PC antenna: Since the noise due to photoexcited carriers also decreases in proportion to the square root of the current in the photoconductive antenna, while the signal amplitude decrease linearly with the current, the SNR decreases in proportion to the square root of the current or carrier density in the detector. 3 The expected SNR from this square-root law for the 1.55 m probe is 30%(ϭͱ0.09ϫ100%) of that for the 780 nm probe. The observed sensitivity of the LT-GaAs PC antenna for the 1.55 m probe is unexpectedly high if we consider only ͑i͒ the two-photon absorption process as the origin of the photoconductivity. There are several other possibilities for the photoconductivity in LT-GaAs at 1.55 m: ͑ii͒ the twostep photoabsorption mediated by the midgap states, ͑iii͒ the excitation of trapped electron from midgap states to conduction band, and ͑iv͒ the excitation of trapped electrons in As precipitates to the surrounding LT-GaAs ͑the activation energy is about 0.7 eV͒. 4 It is expected that the two-photon absorption shows quadratic dependence on excitation intensity, while the last two single-step processes ͓͑iii͒ and ͑iv͔͒ show a linear dependence. The two-step absorption mediated by the midgap states is expected to show a nonlinear but nonquadratic dependence. In order to investigate the origin of the photoconductivity in LT-GaAs we measure the intensity dependence of the photocurrent in the PC detector ͑5 m gap͒ with 1.55 m laser pulse illumination under a dc bias ͑34 V͒. The result is shown in Fig. 2 . The observed current consists of the dark current and the photocurrent. If the photocurrent comes from two-photon absorption alone, then it should be proportional to the square of the laser power, and the total current can be described as JϭAp 2 ϩJ dark , where J is total current, p laser power, A a constant proportional to the two-photon absorption coefficient, and J dark dark current. However, the quadratic equation described above does not fit the observed current data at all. This suggests that the primary mechanism of photoconductivity is not the two-photon absorption at this level of excitation intensity, although it may contribute more at higher intensity. 5 Because the intensity dependence of the photoconductivity is close to linear but not completely linear, especially at low intensities, the excitation of trapped electrons from midgap states and As precipitates alone cannot explain the observed dependence. Therefore a two-step photoabsorption mechanism should be considered. To understand the property of the two-step absorption, a rate-equation model for the excitation and relaxation of electrons is developed, including the contributions from midgap states in LT-GaAs. LT-GaAs has a high density of EL2-like defects (ϳ10 20 /cm 3 ) 6 which lead to the formation of midgap states. The transition energy from valence band to midgap state is reported to be about 0.8 eV ͑ϳ1.55 m͒ in several published studies. 7 The band diagram and transition processes are illustrated in Fig. 3 . We assume that the transitions occur from valence band to midgap states, and then from midgap states to upper conduction band states by 1.55 m laser excitation-a two-step photo- absorption. The decay processes occur from upper conduction band to lower conduction band ͑via longitudinal optical phonon emission͒, from lower conduction band to midgap states ͑trapping͒, and from midgap states to valence band ͑recombination͒. Based on our assumption, the rate equations for these states can be constructed as follows:
where N c is the population density of the upper conduction band, n c the population density of the lower conduction band, n t the population density of trapped electrons in midgap states, ␣ 1 and ␣ 2 unsaturated absorption coefficients between midgap states and upper conduction band, and valence band, respectively, and I() is the intensity of light incident on the photoconductive antenna at frequency . 3 is the decay time from the upper conduction band to lower conduction band, ␥ t is the decay rate of electrons from lower conduction band to midgap state, and 1 is the decay time from midgap states to valence band. f t ϭn t /N t ͑N t : the density of midgap states͒ is the fraction of the midgap states which are occupied. The factor (1Ϫ f t ) was introduced in the above rate equations in order to take into account the saturation effect expected for an intense excitation. 8 For weak excitations the saturation factor is approximated as (1Ϫ f t )ϭ1, and then the rate equations reduce to a set of linear equations. By using the steady state approximation dN c /dtϭdn c /dt ϭdn t /dtϭ0, the population density of each state is obtained as follows:
where I 0 ϭបN t /(␣ 2 Ϫ␣ 1 ) 1 , which has a unit of light intensity ͑I/I 0 is then a normalized light intensity without unit͒, and N net is the net population density of electrons in the conduction band of LT-GaAs. The photocurrent in the LT-GaAs photoconductive antenna is given by
where e is the unit electron charge, e is mobility, E is the bias field, and the integral is carried out over the cross section normal to the bias direction in the photoconductor under the laser illumination. The theoretical pump-power dependent function for the total current J is then given by
where p is the laser power ͑mW͒ and C 1 -C 4 are the constants given by Eqs. ͑7͒ and ͑8͒. This theoretical function was fitted to the experimental data and shown in Fig. 2 by a solid line ͑C 1 ϭ0.2, C 2 ϭ1.2, C 3 ϭ20, and C 4 ϭJ dark ϭ29.48 A͒. The good agreement between the fitted curve and the experimental result indicates that the photoconductivity in LT-GaAs is well explained by two-step photoabsorption. However, the contribution from the direct excitation of trapped electrons from the midgap states and from As precipitates cannot be disregarded, because of the near linear property of the intensity dependence of the photoconductivity. It is noteworthy that the photoconduction induced by the direct photoexcitation from the midgap states does not include the electron-hole recombination process and is monopolar for electrons. This suggests that the photoconductive response originating from this process is faster than those with the recombination process. To determine the contribution from each process more quantitatively, further investigations are required.
In summary, we have demonstrated the detection of THz radiation with an LT-GaAs PC antenna using 1.55 m laser pulses as the probe. The detection efficiency was about 10% of that with 780 nm light. From nonquadratic dependence of the photoconductivity on laser intensity, we suggested the two-step photoabsorption mediated by the high-density midgap states in LT-GaAs is responsible for the photoconductivity at 1.55 m. An equation for the two-step photoabsorption is deriveded from a set of rate equations including the midgap states. The theoretical curve fitting the data reproduced the dependence of photoconductivity on excitation intensity very well. 
